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1.0 EXECUTIVE SUMMARY

Current ASTM D1655/Defense Standard 91-91specifications for Jet A/A-1 limit the amount of
FAME contamination to less than 5 ppm (5 mg/Kg). This limit has been adopted by the Aviation Industry
as an interim measure due to the possible risk of trace FAME affecting the rate of deposit formation in
aircraft fuel/engine systems. The focus of the work presented in this report was to evaluate the thermal
stability/deposit formation tendency due to FAME contamination at levels up to 400 ppm (400mg/Kg) in
Jet A —the goal being to provide data assessing the impact of increasing the level of allowable FAME
contamination in Jet A/A-1 from less than 5 ppm to less than 100 ppm.

Testing was performed by the University of Dayton Research Institute (UDRI) and the U.S. Air
Force at the Air Force Research Laboratory (AFRL), Fuels and Energy Branch and was accomplished on
a single FAME-sensitive fuel using bench scale (JFTOT® and QCM) test devices as well as the
Advanced Reduced Scale Fuel System Simulator (ARSFSS using three different test method/simulation
protocols. While some differences were observed between baseline and FAME-contaminated fuels at the
highest test temperatures, such variations could have been impacted by an observed degradation in the
overall thermal stability characteristics of the baseline fuel than to the FAME contamination. Also, the
variations seen in the data are believed to be within the variance experience that is typical for testing
accomplished using these devices and rig.

Therefore this report concludes that, in the variety of measurements, test data and visual
assessments taken as a whole, there appears to be no overall substantial indication that FAME
contamination in fuel up to 400 ppm causes any significant increase in coke deposition in a variety
of engine hardware components. Further, the data does not indicate that there is any substantial
degradation in performance or functionality of these components that would lead to service life or
maintenance issues.

To substantiate the claim in this report that “the variations seen in the data are believed to be within
the variance experience that is typical for testing accomplished using these devices and rig,” the Energy
Institute (EI) undertook a limited statistical analysis of two of the parameters measured by the ARSFSS -
carbon deposition in the Burner Feed Arm (BFA) and carbon deposition in the Fuel-Cooled-Oil-Cooler
(FCOC). The letter report prepared from this statistical analysis by Alisdair Clark on behalf of the EI-JIP
is being published as a part of the Final Report from Energy Institute, Joint Industry Program project
seeking original equipment manufacturer (OEM) approval for 100 mg/Kg of fatty acid methyl ester
(FAME) in aviation turbine fuel.

This letter report concluded that for the low and medium temperature test conditions (LT and MT),
all the base fuel and base fuel + 400 ppm FAME deposits were within the repeatability of the test. The
report further concluded that for the high temperature (HT) test condition, the base fuel and base fuel +
400 ppm FAME deposits were within the repeatability of the test with the exception of Runs 99 and 102
where the BFA deposits were outside test repeatability and greater than the three base fuel cases and Run
102 where one FCOC deposit was outside test repeatability and greater than the base fuel in one case.
These statistical findings reinforce the conclusions of this report.

In conclusion, testing in this program does not indicate that the performance, operability or
longevity of aircraft fuel systems and engine is adversely impacted through exposure of these components
to FAME-contaminated fuel at up to 400 ppm. Therefore, it is even less likely that any adverse impact
from FAME-contaminated fuel would be seen at 100 ppm. Therefore the presence of up to 100 ppm
FAME contamination in even ‘FAME-Sensitive’ fuels may be expected to have a relatively benign
impact on aircraft systems overall with regard to thermal stability. However, in light of some of the data
observed in this program, it would be wise to periodically monitor for FAME contamination in fuels
where the inherent thermal stability of the fuel is suspect or a known issue as this contamination might
exacerbate coking and deposition under these conditions.
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2.0 INTRODUCTION AND BACKGROUND

Bio-derived components are being used more widely in diesel fuel as world governments mandate
use of sustainable sources in transportation fuels to mitigate CO, impact and reduce dependency on crude
oil. These ‘bio’ components are mainly a family of chemicals known as fatty acid methyl esters”(FAME).
Distribution of diesel containing these bio-components has been and will continue to be through trucks
and pipelines — the same transportation methods used to transport other transportation fuels — including jet
fuels.

FAME is a surface-active material, meaning that it can adhere to pipeline and truck tank walls. As a
result of this adherence, FAME can become a contaminant in other non-biodiesel fuels as it is released off
the pipeline or truck tank walls and into other products during transport. In addition, small amounts of
FAME can remain within distribution manifolds, transfer points, pipes, tanks and vehicles. At high
enough concentrations, FAME may adversely impact fuel characteristics in several ways. Thermal
stability can be adversely affected resulting in more engine maintenance. FAME contamination may also
damage elastomer seals resulting in cracking or softening of seal materials. FAME-contaminated fuels
can be more corrosive and can raise the fuel’s freezing point - which can, in extreme cases, result in
‘gelling’ of the fuel under certain low-temperature conditions. The presence of FAME may also result in a
higher fuel water content and therefore an increased risk of microbial contamination.

In response to these concerns, the aviation fuel community (aircraft and engine OEMs and aviation
fuel producers) has approved the use of aviation fuel containing less than 5 ppm (5 mg/kg) of FAME
through the ASTM D1655 and DEF STAN 91-91 fuel specification. However, this low contamination
limit poses significant operational challenges to pipeline operators as governments mandate higher and
higher levels of FAME in diesel fuels. In Joint Inspection Group (JIG) Bulletin Number 15, November
2007, the JIG Product Quality (PQ) Committee stated “Renewable transport fuels legislation around the
world is already making an impact on the operation of bulk fuel transport systems and it will likely
become of greater significance from early in 2008. Therefore, the JIG PQ committee believes that
maintaining procedures that hold trace levels of FAME to the current minimum level of detection (5ppm)
are not operationally practical or sustainable in the longer term. The industry needs to establish what
level FAME in jet fuel affects its suitability for use...the initial test results provide some confidence that
trace levels of FAME up to 100 ppm may be acceptable.”

As the world-wide increase in use of bio-fuels increases and the higher levels of FAME in these fuels
are mandated, the likelihood that aircraft operators will more frequently experience FAME contamination
in jet fuel above the current 5 mg/kg (5ppm) limit (ASTM D1655/DEF STAN 91-91) is high. In
anticipation, aircraft engine and airframe OEMs have agreed that up to 30 ppm FAME contamination in
jet fuel may be permitted subject to certain strict limitations. The Civil Aviation Authority (CAA) has
developed guidelines for aircraft operation with FAME-contaminated fuels as guidance for aircraft
operators. These recommended guidelines are shown in Table 1 and are an indication of the serious
concern surrounding FAME contamination of jet fuel.
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Table 1 — CAA Recommended Operations Limitations for FAME-Contaminated Fuels

1

Limitations for Operation with Aviation Turbine Fuel Containing FAME
FAME Limitations’ Comments
Level
Aircraft en- | Engines Aircraft on Aircraft
route operated ground waiting to
on the (engines be fueled
ground not yet
operated)
Less None None None None Level within specification criteria
than 5
ppm
5 ppm ta | Two uplifts= | Two Allow Fuel aircraft | Contact aircraft and engine
30 ppm | of fuel uplifts of dispatch. and allow manufacturer to determine
containing fuel Twao uplifts dispatch. subsequent maintenance
FAME containing | of fuel Twao uplifts actions
FAME containing of fuel
FAME containing
FAME
Greater | Divert Do not Do not start | Do not fuel Contact aircraft and engine
than 30 immediately | allow aircraft or aircraft. manufacturer to determine
ppm to suitable dispatch allow Take action | subsequent maintenance
airport dispatch. to ensure actions
Take action | fuel supply
to ensure to aircraft is
fuel in below 30
aircraft tanks | ppm FAME
Is below 30 then apply
ppm FAME requirements
then apply as defined
requirements | for 5 ppm to
as defined 30 ppm
for 5 ppm to
30 ppm
' Based on operational status of aircraft at time of discovery of contamination.
2 An uplift is defined as the transferring of fuel from a ground-based fuelling facility or vehicle to the aircraft fuel
tanks.

According to ASTM D4054, in order to assess the impact of contamination or additives, testing of
that contamination or additive must be accomplished at 4 times (4X) the proposed or sought allowable
maximum contamination level or concentration. Therefore, if it is desired to raise the allowable FAME
level in jet fuel from 5 ppm to 100 ppm, testing of FAME-contaminated (FC) jet fuel to a level of 400
ppm (400 mg/kg) must be undertaken. Testing at this level was recently accomplished by Rolls-Royce
(UK) using their Aviation Fuel Thermal Stability Test Unit (AFTSTU) located at The University of
Sheffield® In a report released in November 2011 authors generally concluded that there was a significant
and repeatable degradation in fuel thermal stability for fuel contaminated with FAME. In addition to the
increased deposition that is present as a result of FAME contamination, this degradation seemed to appear
earlier in the test indicating a significant detrimental effect of FAME contamination.

! «Jet Fuel Containing Fatty Acid Methyl Ester (FAME)”, Civil Aviation Authority Information Notice,
Number IN-2012-116 Issued 16 July 2012

2 «“AFTS Test Report: Fame Programme”, University of Sheffield, Department of Mechanical
Engineering, Blakey, S.G., Chung, W., Wilson, C.W., Report Number R131416, November 2011
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However, there has been some discussion indicating that the operational test parameters used in
AFTSTU testing might be too severe and that this severity might be conveying a more negative picture of
FAME contamination than reality. In the absence of a clear cut assessment of this FAME-contamination
question, AFRL/RQTF was asked to perform similar testing using the Advanced Reduced Scale Fuel
System Simulator (ARSFSS).

The ARSFSS is functionally similar to the Rolls-Royce/Sheffield AFTSTU and has been used in
many programs including the Air Force’s Alternate Jet Fuel Program and various fuel additive
evaluations such as pipeline drag reducer and thermal stability additive evaluations. Where the AFTSTU
simulates 10,000 to 20,000 operational hours within 300 hours of rig running, these hours are at
temperatures in excess of real-world aircraft fuel system conditions as the AFTSTU attempts the
proverbial time-for-temperature trade-off to accelerate analysis for a general representation of engine
service life. When exercising a time-for-temperature trade-off, there is risk that the higher temperatures
used can invoke compromise in simulation integrity by initiating chemistries that might not otherwise
occur in a real aircraft at real-world conditions. Even so, it is possible, with enough testing and
experience, to develop a solid understanding of how results, even at non real-world conditions, can be
used to predict real-world experience.

On the other hand, the ARSFSS operational test conditions are derived from and representative of
fuel system conditions present in advanced military aircraft fuel systems and therefore represent less of an
attempt at the time-for-temperature trade-off. This does not necessarily mean that one hour of ARSFSS
operation is equivalent to one hour of real-world aircraft/engine operation as such a correlation has never
been evaluated or claimed. In addition, the configuration of the ARSFSS includes implementation of fuel
recirculation (See Figure 3) which is considered by AFRL to be vital to the correct assessment of how a
fuel behaves since time at temperature history is critical. The ARSFSS is also operated using ‘mission’
cycles where each mission is a roughly two-hour implementation of the basic elements of a typical
mission — including but not limited to elements such as Engine Start, Ground Idle, Take-off, Cruise, Idle
Descent, Landing, Taxi and Engine Shutdown. A complete ARSFSS run will typically consist of between
65 and 150 of these mission cycles. By operating the ARSFSS in this mission cycle mode, the test takes
into consideration the time/temperature history that fuel experiences in real aircraft systems. All of these
test features make the ARSFSS a very realistic thermal stability test.

The fundamental tenets of this test plan were based on past ARSFSS experience coupled with the
outcome of many discussions amongst the EI-JIP FAME Contamination Team. These discussions were
used to establish operational test procedures and conditions for the evaluation of the thermal stability
impact of FAME contamination in jet fuel, based on variances on the typical AFRL operations scenario
for the ARSFSS.

Prior research accomplished in the area of FAME contamination of jet fuels has indicated that certain
fuels may exhibit sensitivity to such contamination. Since such a fuel would obviously pose a more
significant risk to fuel system operations, especially for advanced systems, a FAME-sensitive (FS) fuel
was used for the program.

More detailed information regarding the FAME material and the test fuel is given in Sections 4.1.1
and 4.1.2.
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3.0 PROGRAM GOALS AND OBJECTIVES

The overall objective of this program was to determine if FAME contamination levels of up to 100
ppm would be acceptable for aircraft use. Therefore testing was accomplished at a level of 400 ppm
FAME contamination as prescribed by ASTM D4054. The logic is that if no adverse impact of 400 ppm
FAME is observed, then it can be safely assumed that the presence of 100 ppm FAME will not result in
any negative operational impact on the aircraft caused by the fuel — particularly with respect to thermal
stability. Use of 400 ppm FAME contamination also represents a severe case to account for certain fuels
which may or may not exhibit a particular thermal stability sensitivity to the presence of FAME.

Since prior testing of FAME-contaminated fuel in several other test devices and rigs in some cases
was unable, for various reasons, to produce data that offered “consistent differentiation between baseline
and FAME-doped fuel”®, the EI-JIP elected to solicit the U.S. Air Force, AFRL to operate its ARSFSS
with the goal of “creat[ing] an additional data point based on a rig of similar sophistication and design
philosophy” * to augment the findings of the University of Sheffield using the AFTSTU rig. The
assumption being that such testing in the ARSFSS would allow testing to be accomplished on a different
baseline fuel under simulated mission cycle testing that would be more directly comparable to real-world
aircraft operations. It was hoped that such data would also possibly shed some light on some of the
inconsistent results obtained in prior testing.

In addition to evaluating the impact of FAME contamination, it was desired to operate the ARSFSS
at similar conditions to the AFTSTU so that the ‘read across’ between AFRL’s ARSFSS rig and
University of Sheffield’s AFTSTU rig might be obtained. Such read-across will be useful to have not only
for this program but for any potential future collaboration programs.

% «“Aviation fuels Customer Report: Joint Industry Programme for 100 ppm FAME Approval”, Report
Number SR.12.10491, Shell Global Solutions (UK), Shell Technology Centre Thornton, England,
February 2012.

4 ““Aviation fuels Customer Report: Joint Industry Programme for 100 ppm FAME Approval”, Report
Number SR.12.10491, Shell Global Solutions (UK), Shell Technology Centre Thornton, England,
February 2012
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4.0 Experimental
4.1 Materials
411 FAME

A mixture of FAME was used for this program and was provided by Chevron as a B100 material
with a flash point of 266 °F (130 °C). Five gallons of this material was received by AFRL for use in this
program. The material as received was a four-component blend, with equal volumes of soy, rape seed,
palm, and tallow oil FAMEs. Upon receipt by AFRL, this material was given an ID code of POSF-8586.
This material was used throughout all testing in this program to prepare FAME-contaminated fuels. The
thermal stability breakpoint of the FAME material itself was not determined.
4.1.2 Baseline Fuel and Fuel Blends

The baseline fuel for this program was provided by EI-JIP and was a wet-treated, not
hydroprocessed, Jet A fuel from a major gulf coast refinery with a manufacture sample 1D of 2527284. To
the best of the information available, no antioxidant was used in the fuel. The fuel arrived at WPAFB in
three truck-loads on three separate days as shown in Table 2. The fuel was offloaded into a 25,000-gallon
underground tank on the S-Farm (Tank S-8) and remained in that tank for the duration of the program.

Table 2 - Shippment of Jet A Baseline Fuel

Truck No. Date Quantity Off-loaded
1 18 Sep 12 6,927 Gallons
2 19 Sep 12 6,867 Gallons
3 21 Sep 12 6,880 Gallons
TOTAL GALLONS REC’D 20,674 Gallons

Upon receipt, samples of the composited fuel were removed from Tank S-8 and provided to
AFPA/PTPLA for a full specification test workup. The fuel fully met ASTM D1655 Jet A/A-1
specifications and results of this initial testing are provided in Appendix A. This fuel was assigned an 1D
of POSF-9326

The ARSFSS rig operates using fairly large quantities of fuel so it is directly plumbed to three
dedicated tanks on the S-Farm. Tanks S-3 and S-4 are 1,000-gallon tanks while S-15 is a 6,000-gallon
tank. Since each ARSFSS run was anticipated to take a full 900 gallons of fuel, Tanks S-3 and S-4 were
dedicated to ARSFSS use — with S-3 being allocated to hold only baseline fuel and S-4 to be used for
FAME-contaminated fuel. In preparation of FAME-contaminated fuel for the program, a measured
amount of FAME material was added to the S-4 tank while it was being filled with baseline fuel. Upon
filling with the required amount of baseline fuel, the fuel in the tank was recirculated for 2 hours to ensure
proper mixing. After recirculation, samples of the FAME-contaminate fuel were taken and analyzed for
the proper FAME contamination level. The target was 400 ppm +/- 5 ppm. If the proper concentration
was not achieved, additional FAME or baseline fuel was added and recirculated until target goals were
met. For the duration of the program FAME contamination levels for all ‘contaminated’ fuels never
varied from this 400+/-5 ppm target.

4.2 Fuel Testing
4.2.1 Quantifying the Amount of FAME in the Fuel (Linda Shafer, UDRI)

Quantifying the amount of FAME in the test fuels was performed via the use of an Agilent
7890/5975 gas chromatograph/ mass spectrometer (GC/MS). The GC column was a 30-meter DB-5MS
capillary column (0.25 mm ID and 0.25 pm film). The GC temperature program employed an initial
temperature of 40 °C (0.5-minute hold) followed by ramping (20 °C/min) to 300 °C (5-minute hold). A
constant column flow rate of 1 mL/min, and 20:1 split 1-uL injections were used. The GC injector
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temperature was 275°C, and the Agilent Model 5975 mass spectrometer transfer line was held at a
temperature of 280°C. The mass selective detector was operated in selected ion monitoring mode (SIM),
and was only turned on where the compounds of interest eluted to protect the detector from the high
concentrations of other fuel components. Mass spectral data was recorded for characteristic masses of the
compounds of interest (i.e., 74, 67, and 55 for palmitic, linoleic, oleic, and stearic acid methyl esters; and
85 for the tetracosane internal standard).

A minimum of four standard solutions containing FAME and the internal standard (tetracosane —
C,4Hso) were prepared in FAME-free Jet A (POSF-9326) fuel diluted at the same ratio in hexanes as the
samples (1 to 5) and analyzed. The standard concentrations at 320, 360, 400, and 440 ppm, rather
narrowly bracketed the expected sample concentration in order to more accurately quantify in the target
concentration range of 390 to 410 ppm. The instrument was calibrated from the extracted ion area
responses obtained for the four major FAME components and internal standard at each calibration level.
A separate calibration was performed for FAME at low concentrations (5 to 40 ppm). Samples of fuel
were diluted 1 to 5 with hexanes and the tetracosane internal standard was added. The FAME
concentration in each sample was quantified using the extracted ion responses for the four FAME
components, and tetracosane in the sample. The accuracy of the method was approximately + 5 ppm at
the 400 ppm level. At least one standard was run with each batch of samples to verify the calibration. A
new calibration was required if the standards were not within 6 ppm of the true concentration.

4.2.2 Quartz Crystal Microbalance (Zach West, UDRI)

In preparation for ARSFSS testing, baseline and FAME contaminated fuels were subjected to
standard Quarts Crystal Microbalance (QCM) evaluation.

Thermal stability characteristics of the baseline Jet A fuel (POSF-9326), with and without the
addition of 400 mg/kg of a FAME mixture (POSF-8565), was assessed using a Quartz Crystal
Microbalance (QCM) apparatus. The experiment was conducted by placing 60 mL of the fuel sample to
be evaluated into a batch reactor. The sample was air saturated under room conditions, then closed and
heated to 140 °C. Measurements of headspace oxygen, temperature, pressure, and mass accumulation
were recorded, while the sample was reacted isothermally for 15 hours. The objective was to investigate
the oxidation and mass deposition characteristics of the experimental samples under typical QCM
conditions in an effort to identify any differences in thermal stability behavior with the addition of FAME
impurity.

Figure 1 shows the headspace oxygen and mass accumulation profiles for the Jet A and Jet A +
FAME fuel samples for two different time periods. For the time period covering the receipt and
acceptance of the baseline fuel and the formulation of initial samples of FAME-contaminated fuels
(September 2012), the data shows that the Jet A fuel is a slow oxidizing fuel under these conditions and
does not consume all of the oxygen — even after 15 hours of stress duration. Conversely, the FAME-
contaminated fuel sample exhibits a rapid consumption of oxygen within the first 4 hours of stress
duration. The Jet A and Jet A + FAME samples appear to have similar deposition rates for the first ~2.5
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Figure 1- QCM Results on Baseline and Contaminated Fuel

hours, until significant oxygen depletion in the Jet A + FAME sample causes a decline in the deposition
rate for that fuel. The Jet A fuel gives 5.5 pug/cm? of deposit after 15 hours of stress, which is a moderate-
to-high amount of deposits compared to known JP-8 and Jet A fuels (typical range is < 6 pg/cm?). Both of
these samples appear to exhibit moderate thermal stability characteristics.

For the second time period featuring samples taken towards the end of the test program (January
2013), both the Jet A and Jet A+FAME samples exhibited similar rates of oxygen consumption. However,
as in the earlier tests, the Jet A+FAME sample again showed a decline in the deposition rate compare to
the base fuel.

In summary, FAME addition to the Jet A fuel (POSF-9326) shows some contradictory behavior, i.e.,
the FAME impurity increased the base fuel oxidation rate but decreased the surface deposit amount after
15 hours of thermal stress. Since the QCM is a closed system (once the oxygen has been consumed,
oxidation reactions stop) and aircraft fuel system designs do not stress fuels to the point of complete
oxygen consumption, the increased oxidation rate caused by the FAME impurity may have a negative
impact on the measured thermal stability of the fuel at low extents of oxidation.
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4.2.3 JETOT® and Breakpoint Testing

JFTOT testing was also performed on the as-received fuel (composited) as well as periodically
through the program. Initially, the Breakpoint for the baseline composited fuel was determined to be 285
°C. However, as the program progressed, periodic rechecks indicated that the JFTOT® Breakpoint had
deteriorated to 275 °C. This will be further discussed in Section 5.1.

4.2.4 Oxygen Measurements

In the initial preparation of the test plan for this program, it was conceived that making dissolved
oxygen measurements in the fuel might be useful in understanding the impact of FAME contamination on
thermal deposition behavior. A single dissolved oxygen sensor (Mettler Toledo, InPro 6800 oxygen
sensor with a 4100e transmitter) was installed on the ARSFSS (Figure 2). Four tap points were installed
on the ARSFSS so that dissolved oxygen measurements could be made at all four locations — thereby
allowing tracking of oxygen consumption through the rig. Figure 4 shows a schematic of the ARSFSS
indicating the tap points (blue circles) for dissolved oxygen measurements. Oxygen levels after the burner
feed arm were >= 95% relative saturation for most cases; therefore, the total amount of oxygen consumed
was very little (< 5% or < 4 ppm consumed). Therefore, there does not appear to be a significant
difference between the consumption levels of neat Jet A and the Jet A with FAME cases (at least within
the uncertainty of the O, sensors used, which is about +/- 2% absolute). Also, this is a very low amount of
total oxygen consumption.

Figure 2 — Dissolved Oxygen Sensor
and Placement Location on the
ARSFSS
Left - Sensor as Uninstalled
Right — Sensor as Installed

4.3 Mission Cycle Testing and ARSFSS Operations
4.3.1 General ARSESS Description and Operations

The Advanced Reduced Scale Fuel System Simulator (ARSFSS) is a thermal stability evaluation
device that more closely represents and replicates military aircraft fuel system operating conditions than
any other sub-aircraft scale test device in the world. Designed as a joint effort between AFRL, Boeing and
Rolls Royce (UK) in the mid-1980s, the ARSFSS has been used extensively to evaluate fuels and
additives under realistic aircraft fuel system conditions for almost three decades. The ARSFSS is used by
AFRL as the last test before releasing a fuel or additive for engine- and component-scale testing and
evaluation, or for use in the field. Not only is the ARSFSS capable of realistically simulating the flow,
temperature, pressure and residence time profiles for a real aircraft fuel system, but it is capable of
imposing these conditions on system hardware in real time with changes to flow, pressure and
temperature conditions following a pre-established mission profile. In this way, the ARSFSS can “fly’
missions sequentially over time. An ARSFSS test run typically consists of between 65 and 150 missions
executed sequentially operating 24 hours per day, 7 days a week. The ARSFSS control system is
sophisticated enough to allow the test to operate unattended for days at a time.
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The ARSFSS rig itself consists of three major subsystems
e A Fuel Conditioning System

e An Airframe Fuel System Simulator

e An Engine Fuel System Simulator

Figure 3 - Conditioning Tank (left) and Wing Tank (right) on the ARSFSS
A schematic of the ARSFSS is shown in Figure 4. Figure 3 shows the Conditioning and Wing Tanks
which comprise the fuel conditioning system and part of the airframe simulator. Figure 5 shows the Body
Tank which is also part of the Airframe Simulator. Figure 6 shows the Environmental Chamber, which is
also part of the Airframe Simulator and is where heat loads associated with environmental systems and
other airframe subsystems are imposed upon the fuel. This chamber is represented by the ‘Airframe Heat
Loads’ element in the Figure 4 schematic. The remaining elements of the ARSFSS are all encompassed in
the Engine Simulator. A front view of the Engine Simulator cabinet is shown in Figure 7.

The ARSFSS test rig is modifiable so that many different fuel system configurations and many
different aircraft systems can be simulated. For this program, the ARSFSS was configured to simulate an
advanced aircraft with an advanced engine. Rig scaling is based on 1/3 scale of a single nozzle — making
the ARSFSS scaled overall at 1/72nd scale of the advanced engine. Total fuel required for each ARSFSS
test is between 900 and 1,500 gallons — depending on the mission profile used for the testing. For this
program, a modified Generic Durability Test Cycle (GDTC) mission profile was used. Sixty-five mission
cycles were executed for each test run requiring approximately 900 gallons of fuel — with one test
extending to 204 mission cycles.
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Figure 6 — Environmental Chamber for Simulation of Airframe Heat Loads

Key data elements from the ARSFSS consist of both qualitative and quantitative information. The
key comparison points for the ARSFSS are the fuel’s behavior in the Servo Valve, Flow Divider Valve,
Fuel-Cooled Qil Cooler and Burner Feed Arm. These devices are described in the following sections.

4.3.1.1 Servo Valve (SV)

For the ARSFSS, the Servo Valve component (Figure 8) is the second stage or hydraulic portion of
an Electro-Hydraulic Servo Valve (EHSV) commonly found in advanced engines. This particular valve
has a diametrical clearance of 0.00010 to 0.00020 inch and a total stroke of +/- 0.032 inch. In an EHSV,
the first stage of the control is an electrical servo mechanism that responds to an input current or voltage.
Increasing current or voltage results in a small movement of the electrical servo components. The
electrical servo components are coupled to a hydraulic component — the second stage of the control of the
valve. The hydraulic portion of the valve consists of a spool and sleeve arrangement where a specially
designed spool moves within a sleeve. Movement of the spool causes clearances within the spool/sleeve
assembly to change and thus, control flow through the valve. Because the hydraulic portion of the valve is
driven by pressures within the fuel system, the small forces generated by electrically positioning the
electrical-servo portion of the valve are amplified by system hydraulic pressures resulting in a substantial
moving force being applied to a hydraulic component. These combined electrical and hydraulic
components give engine manufactures the ability to exert substantial hydraulic forces upon the fuel
system control using small electrical forces.
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Figure 7 — Engine Simulator Cabinet
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Figure 8 - Servo Valve Components and Assembly

However, since the hydraulic portion of the valve sees the fuel flow at bulk fuel system
temperatures, coking and fouling can occur in these components. Since the ability of the EHSV to
regulate fuel flow is dependent upon the unrestricted movement of the spool and sleeve valves that make
up the hydraulic portion of the valve, even the slightest amount of deposition occurring in this valve can
impact valve performance by causing hysteresis in the valve. Hysteresis in a valve can basically be
described as the tendency of the performance of the valve (in terms of valve flow and pressure) to be
dependent on its previous position along with whether the change in pressure to cause a change in valve
flow is increasing or decreasing when reacting to an external control signal. Hysteresis leads to varying
degrees of inaccuracy relative to valve actuation and operating forces and can drastically affect the
performance of an engine fuel system. Under the best of circumstances, a well-designed and well-
functioning control valve has little or no hysteresis thereby allowing the control algorithms that predict
and impose control movements to reliably and predictably position the valve for stable system control. As
hysteresis increases, control algorithms may not properly compensate and system control can become
unstable.

For all ARSFSS testing, SV hysteresis is measure pre- and post-test and is defined by relating
differential pressure (DP) across the SV to flow rate (F) through the valve. To generate this SV
Differential Pressure (DP) vs. Flow data curve, the ARSFSS HP Engine Pump is operated at a fixed high
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RPM to generate fuel pressures necessary to actuate the SV. Fuel flow from the pump is regulated by a
control valve (FCV801) starting with the control valve set to about 75 percent which applies pressure to
the SV and forces it to a “closed’ position. Since the SV is not a shut-off valve, there is usually some
small measure of flow through the valve. With FCV801 at 75% (SV essentially closed), a flow
measurement is made once it is determined that the flow through the valve is stabilized. Once that
measurement is taken, FCV801 is set to 70% open and another measurement of flow is made. This
stepwise closing of FCV801/opening of the SV continues in 5% increments until the SV is essentially full
open (which is about 30% on FCV801). Once the final flow measurement is made at this condition,
FCV801 is changed again, in 5% increments until FCV801 is back at the starting position of 75%. Flow
measurements are made at each of these incremental positions and the results tabulated.

These measurements are made on the SV as installed in the ARSFSS both pre-test and post-test. The
cyclic measurement process is executed a minimum of two and a maximum of three times and the data
collected and tabulated. The cyclic measurement process is repeated because it is common for the first
sequence of measurements to be “off” slightly as a result of the valve *seating’ itself and getting fully
wetted and lubricated with fuel. The second measurement series tends to be more representative of the SV
in operational mode. The third and final series tends to virtually duplicate the second series so it is most
times not performed. In the post-test mode, the third series is only performed if there are too many
anomalies evident in the first two series because valve movement tends to remove deposition from the
valve thereby returning the valve to a near-pre-test condition and thus eliminating the ability to assess the
impact of coking on valve performance.

In addition to the hysteresis measurements made on the Servo Valve, at the end of each test run the
Servo Valve is disassembled and photographed to document the degree and nature of the fuel deposits
inside and on the valve components. This deposition, along with Servo Valve hysteresis measurements,
documents the condition of the valve at the end of each test.

The very nature of the EHSV tends to minimize the impact of hysteresis naturally so no firm value
for hysteresis in this component has been established as an acceptable amount. Instead, SV performance
is generally looked at with a do-no-harm criteria. Post-test SV hysteresis behavior is determined generally
to be acceptable as long as the hysteresis is not significantly different from pre-test measurements. This
causes the data obtained on the SV performance to be somewhat subjective rather than analytical.

4.3.1.2 Flow Divider Valve (FDV)

Perhaps even more critical than the EHSV, valve hysteresis is a significant issue in the combustor
nozzle FDV. The engine simulator part of the ARSFSS was designed around an advanced engine using 24
combustor nozzles. Each of the 24 combustor fuel nozzles for this design contains two fuel flow paths to
the injector nozzle — a Primary and a Secondary. The Primary path typically handles fuel flow in the low
power or low fuel flow regime — for example, engine starting and ground idle and idle descent and
conditions. Once the engine requires fuel flows outside of this ‘low flow’ regime, a Secondary ‘high flow’
path is opened up to deliver the necessary flow to the engine. This dividing of the fuel flow is
accomplished using a pressure-driven FDV. This valve is physically positioned upstream of the fuel
nozzle face and is located outside of the combustor in the compressor bypass or fan air flow path. Since
this air flow can reach high temperatures, the FDV is subject to occurrence of coking. As with any other
valve that is used to regulate flow, any coking or fouling of the FDV can result in significant valve
hysteresis. Unlike the EHSV, the FDV is driven only by inlet fuel pressure and does not have the benefit
of multiplied hydraulic forces to overcome hysteresis. Thus, this valve can be quite sensitive to hysteresis
brought on by fuel fouling.

In the ARSFSS, an actual FDV from an advanced engine is used. The flow slot has been modified by
narrowing its width so that the typical stroke of the valve in the ARSFSS’ reduced flow environment is
essentially the same as for the full flow in the engine. Figure 9 shows the various components of the FDV
as well as an assembly view of the FDV itself.

The normal acceptability criteria for FDV hysteresis would be 7% or less. According to design
engineers, hysteresis values beyond 7% could adversely impact the fuel flow to the nozzles and thus
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Figure 9 — FDV Components and Assembly Views

change the combustor temperature profile in the engine. An altered combustor temperature profile can
have serious and deleterious impact on engine performance, reliability and safety.

Hysteresis measurements on the FDV are determined in much the same was as for the SV. As with
the Servo Valve, in addition to determining FDV valve hysteresis, the FDV is disassembled and
photographed at the end of each ARSFSS run to document the degree and nature of the deposition that
occurred in and on the valve components. These components include the FDV valve body, valve stem and
strainer screen that surrounds the entire assembled valve and protects it from large pieces of debris.

4.3.1.3 Fuel-Cooled Oil Cooler (FCOC)

Aircraft fuel is used for cooling as well as propulsion. One area where fuel is used as a cooling
medium is in the cooling of engine lubrication oil. In most systems, this involves simply exchanging heat
between the engine oil and the fuel in a simple heat exchanger device —an FCOC. Normally, the FCOC is
based on a shell-and-tube heat exchanger design where fuel passes through the exchanger on one side of
the tube and engine lubrication oil passes on the other side. The number of tubes used in the FCOC
depends upon the engine design and the amount of heat dissipation required. Normally, accepted engine
design criteria dictates that bulk fuel temperature out of the FCOC should never exceed 325 °F (163 °C)
which is the limit for oil operability in the engine. Obviously, at these temperatures, fuel can foul and
coke can be deposited on the inside of the tubes of the FCOC. As with any heat exchanger, any fouling,
either on the inside or the outside of the tubes, is detrimental to FCOC performance and can result in
engine oil temperatures exceeding design limits. In the ARSFSS, the device simulating the engine FCOC
is designed with three 3/8-inch diameter 0.035-inch thick walled stainless steel tubes. The tubes are
connected via manifolds at either end of the FCOC device so that the fuel sees three complete end-to-end
passes within the FCOC before emerging. The tube that is used for the final pass is removed at the end of
each test and cut into 2-inch segments. A LECO Carbon Analyzer is used to measure the amount of
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carbon deposition that has occurred inside this tube. This carbon deposition data is plotted as part of the
data for the ARSFSS run. For this reason, no firm quantitative acceptance criteria has been established for
this device. Acceptance is based on the deposition for the fuel under test being not more than the
deposition for the baseline fuel. Figure 10 shows the FCOC as disassembled and as installed in the
ARSFSS rig.

Fuel-Cooled-Oil-Cooler |

Left: Assembled and instrumented in ARSFSS
Below: FCOC Assembly

Figure 10 — Fuel-Cooled-Qil-Cooler (FCOC) Installed and Assembly

4.3.1.4 Burner Feed Arm (BFA)

In the engine that was used as a model for the ARSFSS simulator, each combustor nozzle is made up
of an assembly of three components — the FDV (which was discussed in a previous Section), the tubular
pathways connecting the FDV to the nozzle (often referred to as the burner feed arm (BFA)) and either a
pressure-atomizing or air-blast nozzle. The FDV regulates fuel flow to the Primary and Secondary fuel
flow paths which transport fuel through the flow tubes (BFAS) to the nozzle. In the actual nozzle
assembly, since this portion of the nozzle assembly is subjected to high temperature compressor discharge
air, these BFA paths are contained within a complex shroud assembly designed for thermal isolation and
protection. As previously described, the performance of the combustor fuel nozzle is critical to engine
performance and control. This performance and control is not only impacted by the performance of the
FDV in each combustor nozzle assembly, but it is impacted by the ability of the BFA flow paths to
deliver unrestricted fuel flow to the nozzle. Significant coke deposits can, however, develop inside these
tubes which can restrict fuel flow to the nozzle and therefore impact nozzle assembly overall performance
— even though these paths are shrouded for thermal protection.
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Burner Feed Arm (BFA)

Left: Assembled and instrumented in ARSFSS
Below: BFA Assembly

In the ARSFSS, these flow paths are simulated with the Burner Feed Arm (BFA). The BFA is
inductively heated and consists of a 1/8-inch, 0.020-inch thick wall stainless steel tube placed in a ¥2-inch
stainless steel clamshell. This clamshell helps evenly distribute the inductively-generated heat along the
length of the BFA device. Thermocouples are located on the outside of the 1/8-inch tube along the whole
flow path and are used to measure and control the wetted-wall temperature profile. At the end of each run,
this 1/8-inch tube is removed and cut up into 1-inch segments. A LECO Carbon Analyzer is then used to
measure the amount of deposition that has occurred inside the tube. This deposition is plotted and
provides a quantitative measurement of relative additive performance. Again since a quantitative limit
could not be established for acceptance criteria for the BFA, acceptance was based on the deposition for a
candidate additive being not more than the deposition for the baseline fuel. Figure 11 shows the BFA
disassembled and as assembled and installed in the ARSFSS rig.

4.3.1.5 ARSFSS Acceptance Criteria
In summary, acceptance criteria for the ARSFSS testing was as follows:

Servo Valve Hysteresis — Lower than or equivalent to baseline fuel performance.

e Servo Valve Deposition Appearance - Less than (cleaner) or equivalent to baseline fuel
performance.

e FEDV Hysteresis — Lower than or equivalent to baseline fuel performance.

e FDV Deposition Appearance (Valve components and Screen) - Less than (cleaner) or
equivalent to baseline fuel performance.

e FCOC and BFA Deposition (L